We compared these two techniques with conventional a n a l o g u e c h e s t r a d i o g r a p h ( A R ) a m o n g pneumoconiotic patients and healthy controls. Thirty individuals consisting of 20 silica-exposed ex-workers and 10 healthy controls without occupational exposure to any mineral dust were examined with chest X-ray by AR, SR and FPD. Three occupational physicians, including one NIOSH B reader, assessed the digital and conventional radiographs by the side-by-side method according to the ILO 2000 International Classification of Radiograph of Pneumoconioses (ILO/ ICRP). No significant difference was shown between the subjective film qualities by AR and FPD. Interreader agreement of the profusion of small opacities on radiographs was high in the order of SR (κ=0.64), FPD (κ=0.62), and AR (κ=0.55). The profusions of small opacity for AR and FPD by the 12-point scaled profusion of ILO/ICRP did not show a statistically significant difference, but those for AR and SR showed a significant difference. The areas under the receiver operator curves (ROC) using clinical diagnosis by a pulmonologist as the reference showed no statistically significant difference among the three radiographic techniques. FPD gives image quality as good as that of AR, and it has acceptable agreement with AR in small profusion categories, which consequently assures its application to pneumoconiosis screening. SR showed less profusion than FPD and AR, which can be fixed with image modification. (J Occup Health 2007; 49: 39-45) 
A digital radiograph is a system that is able to obtain a digital image of an X-ray examination. At present there are basically two technologies: storage phosphor computed radiography (SR) and amorphous silicon flatpanel detector (FPD) radiography. The SR consists of an imaging plate that substitutes for the film-screen (F/ S) of conventional radiography, storing the X-ray data of a patient and a scanner to digitize the data. The FPD system does not need an imaging plate and directly changes the X-ray image into digital data by a rare earth fluorescent screen (Gd 2 O 2 S: Tb) and amorphous silicon (a-Si) sensors. This is a so-called "digital X-ray camera" with a 43 cm × 43 cm flat-panel detector that consists of 160 µm × 160 µm a-Si sensors 1) . As the chest analogue radiograph (AR) has been an essential and canonical tool for medical screening of dust exposed workers in the legitimate evaluation of the severity of pneumoconioses, it has been controversial as to whether to introduce digital techniques to radiographic screening. It has been 5 yr since the Japanese Ministry of Health, Welfare and Labour first accepted SR, which is widely known as computed radiography, as a substitute for the conventional radiograph for medical screening of pneumoconioses. The FPD system is also able to obtain, at least, as high quality images as analogous radiography 2, 3) , but it had not yet been accepted for pneumoconioses screening in Japan by the end of 2005, mainly because of the timing of the advent of this new technology. In order to assess whether digital radiographs taken by FPD can be applied to screening for pneumoconioses, we compared three types of chest radiographs taken by FPD, SR and AR with regard to image quality and pneumoconiotic small opacities.
Subjects and Methods

Subjects
Thirty individuals (20 dust-exposed ex-workers, and 10 healthy controls without occupational exposure to any mineral dust) were examined with chest X-ray of AR, SR and FPD. SR and FPD were taken on same day whereas AR was taken within 6 months. All the subjects gave their written informed consent before the radiological examinations. The study protocol was approved by the Institution Review Board of the University of Fukui School of Medicine, formerly Fukui Medical University.
Radiological examinations
All the subjects were examined with the digital and conventional radiography under almost identical technical conditions (Table 1 ) using the high-kilovoltage technique (120 KV, 200-250 mA, photo timer 10-20 msec, grid ratio of 12:1). Digital X-rays were taken by two apparatus, FPD (CXDI-11, Canon) and SR (FCR5501D, Fuji). In image processing of digital radiographs by FPD, density, contrast and enhancement parameters of 19, 12 and 1 were respectively used. Neither spatial frequency enhancement nor dynamic range compression were performed on these images. As for SR the parameters (GA 1.0, GS-0.1) recommended by the Ministry of Health, Welfare and Labour, Japan (MHWL-J) 4) were used to process the images. The recommendation of MHWL-J are summarized in Table 2 . Both digital images were printed using dry imagers. Case examples of FPD and SR are shown in Fig 1. The subjects also underwent high resolution computed tomography (HRCT) scans. The HRCT image was obtained using Hispeed Advantage RP (GE, Fairfield, CT) at 120 kV, 180-200 mA, 1 s, 3 mm slice collimations and 15 mm intervals.
Trial reading
Three certified occupational physicians at the Department of Environmental Health, University of Fukui School of Medicine, who understand the ILO 2000 International Classification of Radiograph of Pneumoconiosis (ILO/ICRP) 5) , assessed the digital and conventional radiographs according to ILO/ICRP. One of these three readers is a National Institute of Occupational Safety and Health (NIOSH) B reader 6) . The ILO/ICRP uses 12-point categories to classify the profusion of small rounded opacities for radiograph reading. All the films were masked for any clinical information of the patients and randomly prepared for the trial reading. The three readers assessed the films independently by the side-by-side method comparing three films at a time. The readers rated the image quality using a five-point scale of subjective evaluation focused on density, contrast and sharpness of the film. Prior to this reading trial, a pulmonary physician with more than 20 yr experience had classified the chest radiograph by reference to Japan Pneumoconioses Classification Standard Radiographs and an experienced radiologist interpreted HRCT of the subjects. Among the 20 dustexposed, 10 cases had 1/0 or more radiographic pneumoconiosis proven by HRCT and the rest of them were negative by both radiograph and HRCT. Ten controls also underwent HRCT scan and pneumoconiotic opacities were ruled out. This information was not disclosed to the readers.
Statistical analysis
Differences of image quality rating among the three methods of radiography were assessed by the paired t test. Inter-observer agreement of the profusion of small opacities on radiographs was assessed by Cohen's κ statistics. The κ values were interpreted by the guideline that is proposed by Altman 7) : values <0.20 poor; 0.21-0.40 fair; 0.41-0.60 moderate; 0.61-0.80 good; and 0.81-1.00 very good. The diagnostic value of both radiological techniques for the detection of pneumoconiosis findings was analyzed with receiver operating characteristic (ROC) methods. HRCT proven radiographic pneumoconiotic opacities classified 1/0 or more by the pulmonary physician were considered as the gold standard in ROC analysis. Areas under the three ROC curves were compared by the χ 2 test. As for small opacities, the integer of 12-point scale profusion was compared among the three systems by the paired t test. All the analyses were performed with Stata 7 software or SPSS ver.10.0 software.
Results
Similar results were found in the subjective film quality among the three systems. No significant difference were detected between the subjective film image scores for AR and FPD, while significant differences were shown between the scores for AR and SR (Table 3 ). Readers noted subjectively that compared to AR, SR films looked dark, something which was possibly caused by the good contrast resolution of SR, but FPD looked very similar to AR.
Medians of small opacity profusion classified by the three readers are tabulated in Table 4 where the results for AR vs FPD, AR vs SR and FPD vs SR are compared. All the controls without dust exposure were classified either 0/0 or 0/1. When exposure was used as the gold standard all the three radiographic methods were 100 % specific. However, there were some discrepancies on classifying borderline cases. Two 1/0 cases by AR were classified 0/1 by FPD, whereas five 1/0's by AR were classified 0/1 by SR. One case with profusion 1/1 by AR was classified 0/0 by SR. Another case with profusion 0/1 by AR was classified 1/0 by both FPD and SR.
Overall inter-reader agreement of the profusion of small opacities on radiographs was high in the order of SR (κ=0.64), FPD (κ=0.62) and AR (κ=0.55), but when κ was calculated for each of category there were some differences among the three systems. SR was the highest among the three for classifying Category 0 (κ=0.83) and Category 1 (κ=0.58). FPD was the highest in Category 2 (κ=0.66), and AR was the highest in Category 3 (κ=0.74), as summarized in Table 5 . The profusions of small opacity for AR and FPD by the 12-point scale ILO system were not different statistically, but a significant difference was revealed between those for AR and SR and between FPD and SR (Table 6 ). Although there was no statistically significant difference (χ 2 (2)=2.87, p=0.2379), area under the curves were the largest in AR, followed by FPD and SR. Concerning AR and FPD, Reader 1 who is certified as a NIOSH B-reader had the largest, though not significantly different, area under the curve among the three readers ( Fig. 2 and Table 7 ).
Discussion
FPD films used in this study showed quite good quality and looked similar to AR. It is also showed pneumoconiotic opacities as clear as conventional radiographs and SR. Both digital X-ray techniques were potent enough to differentiate between normal controls and pneumoconiotic patients with acceptable sensitivity and specificity with reference to HRCT proven radiographic pneumoconiotic opacities detected by a pulmonologist. Using almost identical radiograph capture parameters, the two digital techniques did not show any severe defect compared to conventional radiograph. This study, however, did not evaluate the potential use of the superior contrast resolution of the digital technique to the analogue films.
There is still controversy over the introduction of digital techniques into radiological screening of dust-exposed workers for pneumoconioses, including asbestos-related respiratory diseases. Arguments against introducing computed radiography have been: 1) the inferiority of image quality produced by computed radiography that was only capable of producing 2/3 sized films 8) , and 2) the possibility of improper manipulation of the radiographic image. The former of these concerns has already been solved by technological development and both SR and FPD systems are now able to produce full size images. In order to solve the latter, MHWL-J has recommended using certain parameters to screen pneumoconiotic subjects. Then applying digital radiography to the medical screening of dust-exposed workers, it is difficult to compare subject radiographs with the standard films of the ILO/ICRP. It is even more difficult to read digital Xray on the Picture Archiving and Communication System (PACS) compared to the hard-copy standard. The United States NIOSH, one of the main users of the ILO classification of pneumoconioses, has not approved the use of digital X-ray techniques for medical screening and surveillance of pneumoconiosis because the use of "radiograph" is stated in the law concerning screening and surveillance of pneumoconioses. NIOSH literally interprets the meaning of "radiograph" as being that produced by conventional radiography.
The accuracy of detecting pneumoconiotic opacities did not differ much among the three modalities of obtaining chest radiographs. The flat-panel detector rather than the storage phosphor technology appeared similar to AR in terms of image quality and profusion of small opacities. It is, however, not appropriate to conclude that SR is inferior to AR or to FPD from the results of this study. It is probable that the side-by-side reading trial was too sensitive to detect profusion differences among three types of radiographs that are adjustable with minor image processing. This study only showed that the image parameters and the imager setting used in the clinic did not give a view that was close enough to that of a conventional radiograph.
As digital images can manipulated mathematically to show more or less visual information than is shown on AR films, it might be appropriate to investigate optical visualization with reference to the modalities with higher sensitivity than radiographs, such as CT, in order to maximize the benefit of digital X-ray techniques. At least in this study, we have shown that the sensitivity and specificity of these three radiograph techniques with the described visualization conditions were almost the same. The amorphous silicon flat-panel detector has been especially studied recently, and Fink et al. 9) and Hennings et al. 3) have shown the superiority of the flat-panel detector to conventional radiography when depicting the anatomical structure of the lungs. Both the storage phosphor and the flat-panel systems detected lesions and calcification overlaid with mediastinum or diaphragm better than conventional radiography.
Some physicians still think that conventional radiographs depict parenchymal lesions better than both types of digital radiograph, especially small rounded opacities and interstitial opacities, including reticular opacities and ground glass opacities. Although, theoretically, it is impossible to produce an X-ray sensor smaller in size than an Ag atom, human eyes cannot detect the difference between the fineness of the image obtained by conventional and digital radiographies. Many other factors affect the image quality of the chest radiograph, including the radiograph procedures, current and voltage of the X-ray, X-ray exposure using a phototimer, and the variability among technicians. The superiority of latitude of digital X-ray to conventional AR was not fully addressed in this study.
Recent reports have emphasized the similarity of the images obtained by digital and conventional radiographies. Ishigaki et al. 10) have reported that digital and conventional radiographs were not statistically different in detecting interstitial opacities. Woodard et al. showed that the sensitivity of detecting CT-proven nodules (mean diameter 1.5 cm) by digital and conventional radiographs were 66% (95%CI, 54-76%) and 64% (95%CI, 52-74), respectively 11) . A phantom study that compared the detection of test disks (diameters from 0.3 mm to 4 mm) by FPD and conventional radiograph revealed a higher detection rate by FPD than by conventional radiography 12) . Another study showed that FPD gave better images at lower X-ray intensities compared to conventional radiography and SR 13) . This study at least showed that FPD images were as good as AR and SR, and small opacity detection by these three radiographic techniques were almost identical.
As long as these three modalities of radiograph give almost identical reading results with reference to ILO/ ICRP standard films, we have only to decide the optical visualization parameters for digital X-rays, as MHWL-J has already done for SR. Another issue in need of resolution is whether to use monitor reading of soft-copy of digital X-rays rather than hard-copy. The introduction of monitor reading would enable telemedicine for pneumoconiosis screening, which would make consultation easy.
Conclusions
In terms of the radiological screening for pneumoconiosis, the sensitivity with reference to HRCT proven radiographic pneumoconioses detected by a pulmonary physician was high in the order of AR, FPD and SR without statistical significance among them. FPD showed image quality as good as that of AR and had acceptable agreement with AR in small profusion c a t e g o r i e s , w h i c h a s s u r e s i t s s u i t a b i l i t y t o pneumoconioses screening, but SR had significantly less profusion than FPD or AR. The results of image evaluation would differ considerably with different imaging parameters, image printing apparatus and settings of the film imager. Thus, optimal imaging parameters for pneumoconioses screening need to be agreed.
